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1
METHOD OF USING AN AFTERBURNER TO
REDUCE HIGH VELOCITY JET ENGINE
NOISE

TECHNICAL FIELD

The subject matter of the present disclosure relates gener-
ally to jet engines. More particularly, the subject matter of the
present disclosure relates to a system and method for reduc-
ing noise caused by jet engine aircraft equipped with after-
burners.

BACKGROUND

Afterburners are systems that provide a temporary increase
in jet engine thrust. They work by injecting into the engine
nozzle region downstream of the combustion chamber addi-
tional fuel, which ignites due to the presence of unused oxy-
gen in the exhaust stream. The ignited fuel produces a blow-
torch effect, increasing the temperature and velocity of the
exhaust gas shooting through the nozzle, which increases
thrust.

Because of the inefficiencies inherent in most afterburner
systems, primarily in the form of extra fuel consumption,
afterburners typically are used in limited conditions, such as
during take offs, when entering supersonic speeds, and during
military combat maneuvers where a burst of speed is benefi-
cial. (Afterburners can provide a short increase in thrust in
military aircraft of between 40 and 70 percent.)

The jet engine nozzles used with afterburner systems must
be able to open wider to accommodate the reduced density of
exhaust gas. These special configuration nozzles, aka variable
area nozzles, can be found in both military (fighter) jets and
commercial (supersonic and business) jets equipped with
afterburners.

Exhaust gas exiting the afterburners of high velocity jet
engines can create undesirably high levels of noise, particu-
larly mixing noise and shock noise. Mixing noise is a result of
the mixing of the jet exhaust gas with the surrounding ambi-
ent air (and caused by the difference in shear), and generally
increases as nozzle exhaust gas velocity increases. Shock
noise is caused by shock waves generated in the engine
exhaust plume of jets operating at supersonic speeds.

Thus there is a need for a system and method to reduce the
high noise levels caused by jet engines equipped with after-
burners.

SUMMARY

The present invention is a system and method of reducing
noise caused by jet engines equipped with afterburners while
maintaining thrust. The method comprises the steps of using
the afterburner to heat the exhaust gas flow while simulta-
neously reducing power to the core engine. Together these
two operations reduce the pressure (and density) of the
exhaust gas in the nozzle area while holding the exhaust gas
velocity constant, which maintains engine thrust while
decreasing engine noise. The method may be supplemented
by altering the location of the afterburner flames to create an
inverted exhaust velocity profile, thereby decreasing engine
noise even further.

In one illustrative embodiment the method comprises the
steps of starting the engine to create exhaust gas flow through
the variable area nozzle so that the exhaust gas has a tempera-
ture, pressure and velocity at a base state level; increasing the
cross sectional area of the variable area nozzle to increase
exhaust gas flow through the variable area nozzle; lighting the
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afterburner to increase the exhaust gas temperature; and
retarding engine throttle to lower the engine exhaust pressure.
Together the afterburner lighting and engine throttle retarding
steps reduce exhaust gas pressure from its base state level
while holding exhaust gas velocity at a level at the base state,
thereby maintaining engine thrust while reducing engine
noise.

The method may be supplemented by unconventional
operation of the afterburner(s). For example, the afterburner
may be operated so that the exhaust gas outer stream is suf-
ficiently hotter than the inner stream to create an inverted
velocity profile.

A system for reducing noise during takeoff from a turbofan
jet engine equipped with turbomachinery, an afterburner and
a variable area nozzle is also provided. The system may use
conventional hardware but comprise a novel software com-
ponent that simultaneously ignites the afterburner and
reduces power to the turbomachinery.

Further discussion of these and other features is provided
below in connection with one or more embodiments,
examples of which appear immediately below.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited concepts of
the present disclosure may be understood in detail, a more
particular description is provided by reference to the embodi-
ments, which are illustrated in the accompanying drawings. It
is to be noted, however, that the appended drawings illustrate
only typical embodiments and are therefore not to be consid-
ered limiting of its scope, for the concepts of the present
disclosure may admit to other equally effective embodiments.
Moreover, the drawings are not necessarily to scale, emphasis
generally being placed upon illustrating the principles of
certain embodiments.

Thus, for further understanding of these concepts and
embodiments, reference may be made to the following
detailed description, read in connection with the drawings in
which:

FIG. 1 is a cross sectional view of a typical afterburner
system,

FIG. 2 is a flow diagram illustrating the method of the
present invention;

FIG. 3 is a schematic diagram showing an afterburner
having multiple operating zones; and

FIG. 4 is a schematic diagram of the exhaust gas velocity
exiting a conventional afterburner nozzle showing an inverted
velocity profile.

DETAILED DESCRIPTION

In the discussion that follows the following nomenclature
is used:

a=proportional symbol

a=speed of sound

A=nozzle cross sectional area

I=sound intensity (noise)

V=exhaust gas velocity

P=nozzle pressure (P)

T=nozzle temperature (T)

F_=thrust

p=density

W=exhaust gas mass flow rate

Broadly stated, the present invention is a system and
method of reducing noise caused by jet engines equipped
with afterburners during afterburner operation. Simply put,
the present invention is a quieter way to achieve thrust. This
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objective is accomplished by employing a method of jet air-
craft operation that comprises the steps of using the after-
burner to heat the exhaust gas flow while simultaneously
reducing power to the core engine (turbo-machinery). Heat-
ing the exhaust gas flow increases its temperature and reduces
the density of the exhaust gas exiting the afterburner nozzle.
Reducing power to the engine (by retarding the engine
throttle) lowers the pressure of the exhaust gas entering the
nozzle area. Together these two operations reduce the pres-
sure of the exhaust gas in the nozzle area while holding the
exhaust gas velocity constant, which maintains engine thrust
while decreasing engine noise. The method may be supple-
mented by altering the location of the afterburner flames to
create an inverted exhaust velocity profile (IVP), thereby
decreasing engine noise even further.

Jet Engine Principles

A typical turbofan jet engine works by forcing compressed
air into a combustion chamber, introducing fuel into the com-
bustion chamber, and igniting the fuel so that the exhaust
gases exit a downstream nozzle, thereby creating thrust.
Additional, albeit temporary, thrust may be achieved by using
an afterburner, but at a cost of increased noise.

FIG. 1 is a schematic diagram of a typical afterburner
system, comprising the afterburner 10 and a variable area
nozzle 12. The turbomachinery (turbofan compressor, burner
and turbines) are located upstream of the afterburner 10 and
are not shown.

Afterburners work by injecting additional fuel into the
nozzle region downstream of the combustion chamber. The
fuel ignites due to the presence of unused oxygen in the hot
exhaust stream, and produces a blowtorch effect, increasing
the temperature and velocity of the exhaust gas shooting
through the nozzle, which boosts thrust. In short, afterburners
work by increasing the velocity of exhaust gas exiting the
nozzles. The greater the velocity of exhaust gas exiting the
afterburner nozzles, the greater the thrust and noise.

Unfortunately, the exhaust gas exiting the afterburners of
high velocity jet engines can create undesirably high levels of
noise. The present invention addresses this problem by
exploiting the effects of exhaust gas density, pressure and
temperature on engine thrust when the afterburner’s higher
thrust levels are not required.

The Invention

The present invention provides a quieter way to maintain
thrust while holding the exhaust gas velocity (V) and exhaust
gas mass flow rate (W) constant. The invention takes advan-
tage of the fact that the velocity of the exhaust gases exiting
the nozzle is a function of nozzle pressure (P) and nozzle
temperature (T). More particularly, exhaust gas velocity is
directly proportional to nozzle pressure (P) and nozzle tem-
perature (T).

The present invention increases the nozzle temperature and
reduces nozzle pressure to allow nozzle velocity (V), and thus
thrust (F,), to remain constant. This is achieved by reducing
the density (p) of the engine exhaust by heating it with the
afterburner, a process referred to as partial augmentation.
Lowering the exhaust gas density while maintaining a con-
stant exhaust gas velocity (V) results in quieter engine thrust.

FIG. 2 is a flow diagram showing a method of operating an
aircraft according to the present invention, expressed in terms
of how the aircraft hardware (mainly the exhaust nozzle,
afterburner and engine) is manipulated (controlled).

As indicated at Step 1, after starting the core engine, but
with the afterburner off (so no extra heat is being added to the
engine exhaust), the engine thrust (F,) is being provided
solely by the engine exhaust gas mass flow rate (W) and the
exhaust gas pressure (P). (Generally, the ratio of the pressure
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inside the nozzle to that outside the nozzle determines the
exhaust gas velocity (V), sometimes expressed as the Mach
number, or V/a). The exhaust gas velocity (V), temperature
(T) and pressure (P) are at “base state levels”.

To achieve base thrust while mitigating engine noise the
aircraft may be operated in the following manner:

Step 2: The aircraft operator (pilot) controls the variable
area nozzle by increasing the nozzle cross sectional area (A),
which increases the exhaust gas mass flow rate (W) exiting
the nozzle. The increased flow (W) occurs at a constant
exhaust gas pressure (P), and thus at a constant pressure ratio
(Poxtnanst!Pampiens)> 50 engine thrust (F,) will increase. The
afterburner is off. The exhaust gas velocity and temperature
remain at base state levels.

Step 3 (Partial Augmentation): The pilot lights the after-
burner, which increases (augments) the exhaust gas tempera-
ture (T) and velocity (V) above the base state levels. The
increase in temperature reduces the density (p) of the exhaust
gas exiting the afterburner nozzle.

Step 4: With the afterburner remaining lit to achieve
increased temperature (1), the engine controller retards the
engine throttle (reduces power to the engine core), which
lowers the engine exhaust gas velocity (V) and thus the
exhaust gas mass flow rate (W) back to the base level.

Together, steps 3 and 4 (lighting the afterburner and reduc-
ing engine throttle) reduce exhaust gas pressure (P) to its base
state level, while holding the exhaust gas velocity (V) con-
stant (at the base state level), which maintains the base thrust
level while reducing engine noise. These two steps may be
done in sequence or simultaneously to maintain a smooth
transition.

Supplementing Partial Augmentation with Inverted Veloc-
ity Profile (IVP)

In addition to reducing exhaust gas density by using the
afterburner to heat the exhaust gas as explained above, creat-
ing an inverted velocity profile (IVP) can also achieve a noise
benefit (i.e., mitigate jet engine noise). In a typical turbofan
jet engine the velocity of the exhaust gas exiting the nozzle is
higher in the inner stream (in the middle of the exhaust plume)
than in the outer stream. This profile can be reversed by firing
the afterburner in the outer zone only. IVPs are known to
reduce mixing noise by creating an additional shear zone to
further collapse the noise producing high velocity exhaust gas
jet plume.

FIG. 3 is a simplified schematic diagram showing an after-
burner having multiple operating zones such as might be
found on a military jet. One or more inner burning zones (1)
radiate out from the central axis and are relatively closer to the
central axis than the outer burning none(s) (2). The outer
burning zone(s) (2) are located in the circumferential area
around the inner zones (1) and are adjacent the nozzle wall.
The burning zones are optimized for stable combustion. The
engine controller can incrementally light up each zone as
needed for additional thrust. This is normally done by running
the pilot and inner zones and then adding the outer zone(s) as
more thrust is required. By firing the zones in an “abnormal”
way (by shutting off the zones that would normally be lit first
as explained below), an IVP, and thus reduced mixing noise,
can be achieved.

FIG. 4 is a schematic diagram of the exhaust gas velocity
exiting a conventional afterburner nozzle showing an inverted
velocity profile (IVP) with the greatest velocity near the outer
stream. By first lighting the afterburner fuel tubes in Pilot
mode and then transitioning to Outer Zone only, an inverted
velocity profile IVP can be achieved. In other words, by
shutting off the inner zone(s) and only turning on the outer
zone(s), the temperature increase will occur primarily in the
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outer stream, resulting in an IVP. Employing the partial aug-
mentation procedure described above (lowering the density
of the exhaust gas while maintaining constant exhaust gas
velocity and thrust) can be made even quieter by using IVP.

The following calculation demonstrates the effectiveness
of'decreasing the density (p) while maintaining velocity, flow,
and thrust of the exhaust gas to reduce jet noise.

Jet engine noise, aka sound intensity (1), is proportional to
jet engine exhaust density (p), nozzle velocity (V) and nozzle
area (A):

Top?x Vx4 1)

In other words, engine noise increases as exhaust gas den-
sity, exhaust gas volume or exhaust nozzle area increases.
Reducing any of these variables will reduce jet engine noise.
Yet reducing exhaust gas nozzle velocity can also reduce
engine thrust (F,). The present invention reduces jet engine
noise (I) while maintaining an increased level of jet engine
thrust (F,) caused by afterburner operation.

To demonstrate how this is achieved we start with the
calculation for the mass flow rate of the engine exhaust (W),
which is expressed as follows:

W=pxdxV @

Jetengine thrust (F,) is a function of the mass flow rate (W)

and the nozzle velocity (V) of the jet engine exhaust:
F=WxV (3)
Substituting (2) into (3) results in:

F=pxAxV? )

By isolating velocity we obtain:
V2=F/(pxd) ©)
Substituting equation (5) into equation (1) we obtain:

Tap®x(F/(pxA))*x4 (6)
Or, when simplified:

To(F )Y (p*x4%) M

In other words, jet engine noise (I) is proportional to thrust
(F,), and inversely proportional to exhaust gas density (p)
squared and nozzle area (A) cubed. Normalizing equations
(7), (5) and (1) by the baseline:

Wlise™Fe/F g tase) (P/Poase) S (A/pase)™ ®)
VIV s FFgpase) "0/ Ppase) (A dpose) ™ ©

W/W pase=(P/ Prase) A/ Abase) (V/V pase)

Substituting equation (9) into equation (10):

10
WIW pas (0 Pbase) > (/A pase) P F ) (11

Assuming constant thrust (F =F ), equations (8) and

(11) become:

s P/ Pase) > (A/A )

-base

12

WIW pas=(P/ Pose) > (A/ A pas) (13)

Re-arranging equation (13) to get area versus mass flow
and density:

A s WW s P/ Ppase) 14

Substituting equation (14) into equation (12):
Wpers e~/ Prase) W/ Wose)

And taking the logarithm:

AI=10 108 6{p/Prase)=60 10g16(W/ W)
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From equations (14) and (16) it can be seen that jet engine
noise level (I) can be reduced at constant thrust by decreasing
the density (p) and/or increasing the mass flow rate (W) ofthe
exhaust gas. The present invention accomplishes this by pro-
viding a method of jet aircraft operation comprising the steps
of using the afterburner to increase exhaust gas temperature
(T) while simultaneously reducing the engine turbo-machin-
ery power setting (“throttle back™). The combination of these
two steps reduces exhaust gas density while maintaining
velocity. The lower density (p) exhaust gas produces less jet
noise (I) at constant thrust (F, ), jet velocity (V) and flow (W).

APPLICATIONS

The invention is intended for use in jet engines equipped
with an afterburner and, specifically, for use with turbofan jet
engines. The invention does not require any new aircraft or jet
engine hardware. The only added component might be, for
example, a computer program in the electronic control system
to automatically operate in reduced noise mode.

The invention may be used in military aircraft, including
military aircraft designed for carrier takeoffs. The afterburner
uses more fuel during take-off, but when operated according
to the present invention, emits a lower level of noise. This is
particularly important where aircraft personal are repeatedly
exposed to noise from jet engines during repeated take-offs.

Carrier take-offs may be done at the same exhaust gas
velocity and mass flow as in normal take-offs but, as
explained above, at reduced exhaust gas pressure. In practice,
the engine controller would drop the exhaust gas pressure by
pulling back on the throttle to the main engine, but get engine
thrust back (maintain engine thrust) due to the increase in
exhaust gas temperature caused by the afterburner. In other
words, during take-off the pilot can pull back on the throttle to
the turbomachinery, which reduces the pressure of the
exhaust gas entering the afterburner, but maintain the exhaust
gas velocity in the nozzle area (and therefore engine thrust) by
increasing exhaust gas temperature through the use of the
afterburner.

The invention may also have a commercial use, for
example, such as in private business jets designed for super-
sonic flight where FAA certification is an issue.

While the present disclosure has shown and described
details of exemplary embodiments, it will be understood by
one skilled in the art that various changes in detail may be
effected therein without departing from the spirit and scope of
the disclosure as defined by claims that may be supported by
the written description and drawings. Further, where these
exemplary embodiments (and other related derivations) are
described with reference to a certain number of elements it
will be understood that other exemplary embodiments may be
practiced utilizing either less than or more than the certain
number of elements.

What is claimed is:
1. A method of reducing noise from a turbofan jet engine
equipped with an afterburner and a variable area nozzle, the
nozzle having a cross sectional area, the method comprising
the steps of:
starting the engine to create exhaust gas flow through the
variable area nozzle, the exhaust gas having a tempera-
ture, pressure and velocity at a base state level;

increasing the cross sectional area of the variable area
nozzle to increase exhaust gas flow through the variable
area nozzle;

lighting the afterburner to increase the exhaust gas tem-

perature; and
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retarding engine throttle to lower the engine exhaust gas

flow rate;

wherein the afterburner lighting and engine throttle retard-

ing steps reduce exhaust gas pressure to its base state
level while holding exhaust gas velocity at a level above 5
the base state, thereby maintaining engine thrust while
reducing engine noise.

2. The method of claim 1 wherein the exhaust gas stream
comprises an inner stream and an outer stream and the after-
burner comprises fuel tubes, the method comprising the fur- 10
ther step of:

lighting the afterburner fuel tubes so that the exhaust gas

outer stream is sufficiently hotter than the inner stream to
create an inverted velocity profile.

3. The method of claim 1 wherein the exhaust gas stream 15
comprises an inner stream and an outer stream and the after-
burner comprises a first zone corresponding to the inner
stream and a second zone corresponding to the outer stream,
the method comprising the further step of:

lighting the afterburner in the second zone only so that the 20

exhaust gas outer stream is sufficiently hotter than the
inner stream to create an inverted velocity profile.

4. A system for reducing noise during takeoft from a tur-
bofan jet engine equipped with turbomachinery, an after-
burner and a variable area nozzle, the afterburner having a 25
maximum operating output, the system comprising:

a controller operable to simultaneously ignite the after-

burner and reduce power to the turbomachinery.
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